A 50 ks Chandra observation of the unidentified TeV source in Cygnus reported by the HEGRA collaboration reveals no obvious diffuse X-ray counterpart. However, 240 pointlike X-ray sources are detected within or nearby the extended TeV J2032+4130 source region, of which at least 36 are massive stars and two may be radio emitters. That the HEGRA source is a composite, having as a counterpart the multiple pointlike X-ray sources we observe, cannot be ruled out. Indeed, the distribution of pointlike X-ray sources appears nonuniform and concentrated broadly within the extent of the TeV source region. We offer a hypothesis for the origin of the very high energy gamma-ray emission in Cyg OB2 based on the local acceleration of TeV-range cosmic rays and the differential distribution of OB versus less massive stars in this association.
INTRODUCTION
The High Energy Gamma-Ray Astronomy (HEGRA) collab oration originally reported an apparently steady and extended TeV range gamma-ray source (TeV J2032+4130) in the Cygnus region based on about 121 hr of data collected between 1999 and 2001 using their stereoscopic Cerenkov telescopes (Aharonian et al. 2002) . This source had no known lower frequency coun terparts. A further -158 hr of observation from 2002 confirmed the existence of this mysterious source, as well as its extended and steady nature (Aharonian et al. 2005) . A reanalysis of data takenbetween 1989 and 1990 by the Whipple imaging Cerenkov telescope collaboration indicates that this source may, however, be variable on multiyear timescales; although, given the large un certainties (of order -30%), the older Whipple flux (0.12 crab) and the recent HEGRA flux (0.05 crab) are not inconsistent (Lang et al. 2004) .
In an attempt to better understand this source, we had earlier carried out short Chandra5 (5 ks) and Very Large Array (VLA)6 (8 minutes) observations but were unable to identify any firm counterparts (Butt et al. 2003) . In that paper we proposed some possible explanations of this mysterious object based on its location within the massive Cygnus OB2 stellar association and concluded that the weak X-ray and radio emission from the TeV source region favored a nucleonic rather than an elec tronic origin of the very high energy gamma-ray flux. Here we report on a deeper (50 ks) Chandra follow-up observation of TeVJ2032+4130.
OBSERVATION AND ANALYSIS
TeV J2032+4130 was observed by Chandra on 2004 July 12 at UT 02 :04:33 for a total effective exposure time of 48,728 s using the Advanced CCD Imaging Spectrometer-Imager (ACIS-I) detector in its standard Timed Exposure Very Faint mode. All four imaging chips were active, in addition to spectroscopy chips S3 and S4. As in the case of our shorter exploratory observation described by Butt et al. (2003) , the observation was centered on J2000 coordinates R.A.,decl. = (20h32m07!0,+41°30'30"0). Note that the best-fit location and the Gaussian extent of the TeV J2032+4130 source have changed slightly between the ear lier HEGRA report (Aharonian et al. 2002) and the most recent one (Aharonian et al. 2005 )-the current best-fit values be ing: center at R.A., decl. = [20h3 l"'57/0 ± 6/2(stat) ± 13!7(sys), +41°29'56"8 ± 1 /1 (stat) ± l.'O(sys)] with a standard deviation of the two-dimensional Gaussian, a = 6/2 ± I .'2(stat) ± O.'9(sys), which are consistent with the previous report.
Pipeline-processed data were prepared using standard tech niques and were analyzed using the Chandra Interactive Anal ysis of Observations (CIAO) software version 3.2.2.7 The image obtained from the ACIS-I photon event list is illustrated in Figure 1 , on which the TeV source region from Aharonian et al. (2005) has been superimposed. Immediately apparent when comparing this image to that of the shorter exposure presented by Butt et al. (2003) is the much larger number of pointlike sources that can be seen by eye.
The ACIS-I data were further processed using the XPIPE soft ware constructed from CIAO tools and described in detail by Kim et al. (2004) . This software produces, among other products, source lists based on the wavelet source detection algorithm wavdetect. A list of detected sources, together with their observed counts, are available in tabular form online.8 (Aharonian et al. 2005) . The aim point is at <>(12000) -20h32m07s, <412000) -+41° 30'30". North is up; east is to the left. The best-fit location and Gaussian extent of the TeV source changed slightly between the earlier HEGRA report and the most recent one (Aharonian et al. 2002 vs. Aharonian et al. 2005 , which is why the superimposed circle appears slightly off-center (see text). [<5ee the electronic edition of the Journal for a color version of this figure.] In order to investigate the hardness of the diffuse emission (including emission from unresolved weaker point sources) within the TeV source region, we used the CIAO tool dmf ilth. This tool uses source and background regions to remove detected source counts and to interpolate over the source region based on infor mation contained within background regions. For reasons of com putational expediency, we employed a binning by 4 pixels in both image dimensions for these calculations. This process was carried out for images made from event lists filtered in the energy ranges 0.5-2 and2-10keV. These particular energy ranges were chosen so as to contain approximately one half of the X-ray photon events in each. The resulting images were then binned by a further fac tor of 32 in order to accumulate sufficient counts in each bin to estimate a meaningfid hardness ratio. A hardness ratio image was obtained from the ratio of the resulting binned images and is il lustrated, together with the TeV source error circle, in Figure 2 .
The total X-ray flux within the TeV source error circle was es timated based on a weighted effective area computed using the CIAO ac is spec utility. The weighted area accounts for spatial quantum efficiency variations and vignetting effects over diffuse source regions. In order to make an accurate flux assessment, it is also essential to take into account background events. The ACIS background consists of a relatively soft cosmic X-ray background contribution together with cosmic-ray (CR)-induced events with a hard spectrum (see, e.g., Markevitch et al. 2003) . This combined background was estimated for our observation using the Chandra calibration database background samples obtained from compos ite blank-sky fields from which point sources have been removed. The total (diffuse + pointlike) background-subtracted TeV source region X-ray flux obtained was 2.9x 10 12 ergs cm 2 s 1 in the 0.5-5 keV band and 1.4+10 12 ergs cm 2 s 1 in the 0.5-2.5 keV band, both with an approximate uncertainty of order 10%. At energies above 5 keV the spectrum begins to be background-dominated.
CROSS-CORRELATION WITH STELLAR, RADIO, AND INFRARED (2MASS) SOURCES
We cross-correlated our 240 detected X-ray sources ( Colombo et al. (2005 ) find in the same-sized Chandra field in the core of Cyg OB2. As in the latter study, it is likely that many of the unidentified X-ray sources in our field are also stars and that some may also be X-ray binaries or background extragalactic sources.
Setia Gunawan et al. (2003) recently carried out a compre hensive radio survey of the Cygnus OB2 association. We cross correlated their 350 MHz and 1.4 GHz radio sources (see their  Table 2 ) with the 240 X-ray point sources we detected. The ex tension of the radio sources were considered in the following way: the observing radio beam size, ^beam-is quoted as 13" at 1.4 GHz and 48" at 350 MHz. Setia Gunawan et al. characterize each source with a flag that relates the source size with the ra dio beam: flag = 1, 2, 3, 4, and 5 corresponding to radio source sizes less than (1,1.3,1.6,1.9)0beam, plus extended sources (ESs) of size larger than 1.99bc.UI1, respectively. We took the maximum sized error box consistent with the above flags in checking for radio-X-ray coincidences and a size of 3.0$beam f°r ESs. The er rors in the X-ray sources positions were disregarded, because they are on the order of ~1".
We find two of our detected X-ray sources lie within the re gion of two extended radio sources of Setia Gunawan et al. (2003) , both of which emit in the 1.42 GHz and 350 MHz bands. How ever, the X-ray/radio positional coincidence is strictly valid for only the broader 350 MHz sources (Table 3; We also checked for coincidences between the 240 Chandra X-ray sources and the near-infrared (NIR; 1.25-2.17 /rm) Two Micron All Sky Survey10 (2MASS) sources detected over the same area. For this process we considered a given pair of X-ray 10 The 2MASS archive is accessible oil the World Wide Web via http:// irsa.ipac.caltech.edu/. Notes.-Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Table 1 is available in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content. 
DISCUSSION
We find no compelling diffuse X-ray counterpart of the ES, TeV J2032+4130, in a 50 ks Chandra exposure. The total (diffuse + pointlike) background-subtracted X-ray flux ofthe TeV source region is 2.9 x 10 12 ergs cm 2 s 1 in the 0.5-5 keV band and l.4x 10 12 ergs cm 2 s 1 in the 0.5-2.5 keV band. The Note.-Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. hardness image (Fig. 2) reveals no significant hardness increase in the diffuse X-ray flux from the TeV source region. Such hard diffuse emission may be expected if, for instance, the TeV flux were generated by a population of relativistic electrons acceler ated in a supernova remnant (SNR) shock. (However, see Chu [1997] for a detailed discussion of the variety of SNR signatures possible in OB associations. ) As we argued in our previous paper (Butt et al. 2003) , we suspect that the TeV emission is related to the young, massive, and powerful Cyg OB2 association, and especially to the outlying subgroup of massive stars shown in Figure 1 of that report.
It is possible that this TeV source is a composite made up of many smaller TeV sources that only masquerade as an ES due to the PSF of the HEGRA array (~3' at 1 TeV; Aharonian et al. 2004) . In this case, some subset of the 240 X-ray sources we de tect could be viable counterparts to nearby TeV subsourccs that collectively make up TeV J2032+4130. In fact, the surface den sity of the pointlike X-ray sources we detect does reflect an ex cess consistent with the size and position of the extended TeV source (Fig. 3) . It is interesting that the radial profile of TeV J2032+4130 (Fig. 1 in Aharonian et al. 2005 ) also seems to in dicate a fairly flat TeV emissivity out to about 7' from the cen ter of gravity of the source and not a particularly centrally peaked source (although, admittedly, the large error bars do not permit a definitive view on the detailed morphology of the TeV emission).
However, it cannot be that TeV J2032+4130 is only related to the observed surface density of pointlike X-ray sources in this re gion, since Albacete Colombo et al. (2005) have observed the core region of Cygnus OB2 only ~20' distant with Chandra and report 1003 pointlike X-ray sources in the same-sized (ACIS-I) field where we find "just" 240. (Their twice deeper exposure of ~ 100 ks cannot alone explain the large excess of pointlike X-ray sources they report in their Chandra field.) There must be some thing else special about the location of the TeV source region besides the high surface density of X-ray point sources, since it is even higher very nearby without that region being a (yet detected) TeV source.
In fact, Domingo-Santamaria & Torres (2006; see also Torres et al. 2004; Reimer 2003) have very recently published a study showing how CR modulation by powerful stellar winds could lead to a scenario in which one would expect TeV-range gamma ray emission from hadronic target regions located about 1 pc from hot OB stars, with little or no MeV-GeV range gamma-rays co produced. 12 At a distance of 1 pc they showed that the attenuation of TeV range gamma-rays (due to pair production interactions on the stellar photon bath) was low enough such that they would mostly escape and be visible to us on Earth. However, if the target star were in the core region of a dense association, then the intense collective stellar photon fields there would render that re gion opaque to TeV-range gamma-rays (see Reimer [2003] for a more detailed discussion).
Thus, if the volumetric density of OB stars falls off less rap idly with radial distance from the association core than the vol umetric density of all stars, we hypothesize that there ought to 12 Ill fact, even if MeV-GeV gamma-ray s were produced by tliis scenario, it is not problematic in the case of Cyg OB2: indeed, such a mechanism may well be contributing to the adjacent Energetic Gamma-Ray Experiment Telescope (EGRET) source 3EG J2033+4118, which is positionally coincident with the core of the Cyg OB2 association. The extrapolated EGRET range flux from the TeV source region is about one-hundredth that of 3EG J2033+4118, so it would not be especially discernible at EGRET sensitivities. Ascertaining whether lower energy GeV-range gamma-rays are also emanating from the TeV source region must await the sensitivity and spatial resolution of the Gamma-Ray Large Area Space Telescope. (2003) and Domingo-Santamaria & Torres (2006) . Plotted are the stellar volumetric densities for all stars (dotted curve) and that for OB stars alone (solid curve). The collective stellar photon bath quenches any intrinsic TeV emission produced at r < R^ due to pair production. However, due to the more rapid de crease of the all stellar vs. OB only volumetric densities with distance from the cluster center, outside of TeV gamma-rays may survive. This figure should be compared to Fig. 6 of Knodlseder (2000) . In the case of TeV J2032+4130, the TeV emissivity may be especially enhanced due to the outlying concentration of OB stars (Fig. 1 of Butt et al. 2003) . [See the electronic edition of the Journal for a color version of this figure.} be a critical distance from the cluster center (Rcrit) where the TeV production via the CRs impinging on target regions ~1 pc from hot OB stars outweighs the TeV opacity due to the combined cluster stellar photon bath (Fig. 4 ) (2000 ) has presented a statistical study of these distributions in his Figure 6 , but ideally we would like to have true radial profiles from a complete census of stars in the region. In any event, ac cording to our hypothesis, at the critical distance from the cluster center there must be a sufficient concentration of hot OB stars present to create a detectable TeV flux, and, as shown in Figure 1 of Butt et al. (2003) there is indeed a local overdensity of (cata loged) OB stars coinciding with TeV J2032+4130, -20' (-10 pc) from the cluster core. (In the spherically symmetric case we would expect to observe an only annular region of weak TeV emission.) Note that in other stellar associations the mass segregation may be reversed: more massive stars may cluster more strongly toward the center as compared with their less massive counterparts (see, e.g., Fig. 21 in Hillenbrand [1997] and Fig. 6 in Bonnell & Davies [1998] ).
Of course, it is also entirely possible that TeV J2032+4130 is unrelated to Cygnus OB2 and that the overdensity of X-ray point sources in the TeV source region is simply a chance effect. But no matter what the ultimate origin of the TeV radiation, if the low measured X-ray and radio emissivity reflects the true intrinsic emission, we favor a nucleonic rather than an electronic origin of the very high energy gamma-ray flux (see § 4 of Butt et al. [2003] for further details). On the other hand, it is possible that the in trinsic X-ray emission from the source may be significantly at tenuated due to the large amount of interstellar gas and dust in this direction, especially if the TeV source is actually located in the Perseus spiral arm far beyond Cygnus OB2 (see, e.g., Fig. 10 of Molnar et al. 1995 Scappini et al. (2002) and Casu et al. (2005) have discovered clumpy dense molecular clouds along lines of sight close to the TeV source13 (e.g., toward Cyg OB2 no. 5 at a = 20h32m22s, 6 = 41° 18'19") . If the true col umn density in the direction of the TeV source(s) were higher than 2.8 x 1022 cm 2. say, by a factor of --50, then the intrinsic X-ray emission (0.2-5 keV ) may be attenuated by a factor of -1000 (assuming a power-law X-ray spectrum of index = -2), and a leptonic origin of the TeV radiation could not be rifled out. Of course, this is unlikely to be the case if the TeV source is indeed associated with Cyg OB2 since we do detect many of the stars there in X-rays. However, the TeV source may well be situated much further away, e.g., at the distance of Cyg X-3 at ~10 kpc, and intervening dense clouds beyond Cyg OB2 can not be discounted.
CONCLUSIONS
In summary, we conclude that TeV J2032+4130 is 1. probably related to some subset of the multiple stellar X-ray sources associated with Cyg OB2 that are clustered in the central region of our Chandra field, consistent with the position and extent of TeV J2032+4130 ( Figs. 3 and 4 ; see also Fig. 1 from Butt et al. 2003 ) ;
2. steadily emitting in TeV gamma-rays on a timescale of years (Aharonian et al. 2002 (Aharonian et al. , 2005 ) but may perhaps suffer out bursts on decadal timescales, which could increase its intensity (e.g., Neshpor et al. 1995 ; see also Lang et al. 2004) ; and 3. possibly hadronic in origin, but may be electronic (or even both), depending on the exact amount of X-ray attenuation along the line of sight and the actual distance to the source.
About three shorter mosaic Chandra pointings of fields im mediately adjacent to ours would be necessary (and sufficient) to confirm whether the excess X-ray point-source surface den sity in the region truly correlates with the TeV source (Fig. 3) . This would be invaluable in making-or breaking-a case for a physical connection between the two. Deeper infrared surveys of this region would also be very helpful in producing a more complete stellar census of the stars in Cygnus OB2. Only about 110 of the presumed --2600 OB stars (Knodlseder 2003) in this stellar association are as yet cataloged.
